We define the Turnbull-Cohen free volume as the critical excess of the Voronoi volume of an atom less its core volume. Using molecular dynamics simulation we calculated the free volume change in two model binary metallic glasses undergoing tension and shear deformation. We show that the free volume change is an integral part of the deformation process; and the shear localization manifested as a shear band is directly related to the inhomogeneous distribution of the free volumes. Shear band formation may consist of two stages: the initial free volume production in the amorphous solids and the liquefaction of the regions with accumulated deformation strains. We show, for the first time, the formation of voids and the ''vein'' patterns on fracture surfaces at atomic scales; they are the combined result of the free volume change and loading and sample conditions.
Introduction
The deformation mechanisms of metallic glasses are fundamentally different from those in crystalline materials. Unlike the collective motion of atoms associated with dislocations in crystals, 1) atoms in metallic glasses deform cooperatively in certain local regions or shear bands. The socalled shear banding is the normal deformation mode observed experimentally for almost all metallic glasses in a wide range of temperatures below the glass transition temperature and under a large span of strain rates. While the deformation phenomena for metallic glasses have been known from extensive studies made in the last forty years, little is known about the microscopic mechanisms. 2, 3) Erying was the first to explain the deformation mechanism in polymer glasses with an intuitive model, 4) which was later extended by Fox and Flory. 5) Erying proposed that the displacement of a molecule engaged in plastic deformation must have some excess open spaces available nearby, so it can move in and out of the spaces under the applied stress, making the deformation possible. Turnbull and Cohen employed this concept to explain the transport properties in the glass-forming liquids; 6) and later Spaepen extended it to rationalize plastic deformation in metallic glasses. 7) In Spaepen's model, the unit process of plastic deformation is an atom moving from its original position to a nearby vacant space of the size either smaller or comparable to the size of the atom. In the former case, an extra space, or free volume, is created by the atom when it squeezes into the smaller space under the applied stress. In the later case, homogeneous flow would happen. Argon made an extension later to the model in which the single atom and vacant space exchange mechanism hypothesized by Spaepen was extended to include a group of atoms. 8) The cooperative movement of these atoms, typically on the order of five atomic diameters as predicted by Argon, forms the so-called shear transformation zones. Although the precise mechanisms of the unit deformation process are still waiting to be found, these models depict the plasticity in metallic glasses as a consequence of the growing amount of the free volumes produced in the materials subjected to mechanical deformation.
Free volume change induced by plastic deformation has been investigated by using various techniques such as positron annihilation, 9, 10) direct density measurement, 11, 12) TEM and SEM observation, 2,3) fluctuation electron microscopy, 13) and so on. However, the experimental techniques have inherent limitations in spatial and temporal resolutions; and most tests have to be performed after sample failure. It is difficult to measure quantitatively the in-situ volume change of the open spaces as they are distributed among atoms and very sensitive to the changes of the atomic configurations. Furthermore, due to the strong localization of the plastic deformation, what these experiments often measure is the volume change weighted by the volume of the entire sample, or the volumes available to the probes. Determining precisely the small and subtle changes inside the shear band regions therefore has been a challenge. As a result, direct observation of free volume evolution during plastic deformation and their correlations with shear localization and shear banding at atomic scales have not been revealed fully. In this work, we report our preliminary results in an attempt to characterize the free volumes and their evolution during mechanical deformation from extensive atomistic simulations.
Simulation Methods

Sample preparation and deformation simulation
To determine the free volumes and their evolution in metallic glasses undergoing mechanical deformation at atomic scales, we employed molecular dynamics (MD) simulation. Two binary metallic glasses, Cu 64 Zr 36 and Ni 40 Zr 60 , were used as the model systems. Both have superb glass formability and high thermal stability.
14) The mechanical properties available from experiments can be used to make comparison with our simulation results. A semiempirical tight-binding potential fitted using the data from both experiments and the first-principles calculations was used for the CuZr system; 15) and a semi-empirical many-body potential including electronic or volume contribution was used for the NiZr system. 16, 17) The samples used in the mechanical deformation simulations was obtained by cooling the glass-forming liquids to 40 Zr 60 . Both systems were allowed to change in volume during quenching through the NPT ensemble MD with zero applied pressure. The periodic boundary conditions were used. The glass transition temperature at the cooling rate is 750 K for the CuZr system and 1200 K for the NiZr system. The density of the CuZr sytem at 300 K is 7.33 g/cm 3 and the shear elastic constant is in the range between 28-42 GPa, which are very close to the experimental results. 14) Both rectangular and cylindrical shaped samples were obtained for shear and tensile simulations. The total number of atoms used for the simulations ranges from 200 000 to 850 000 atoms.
The mechanical deformation is modeled by subjecting the samples with a small strain ". That is, the displacement of an atom from the position r 0 to r is r ¼ r 0 ð1 þ "Þ at each given MD step. In tensile test, " is chosen to be " zz , where z is the direction of the tensile loading. In shear deformation, " ¼ " zy , where z is the norm of the shear plane and y is the shear direction. The samples were subjected to the incremental displacement at each MD step as prescribed above, which is then followed by ten MD steps of relaxation. The strain rate is then determined by the strain parameter " during the 11 MD steps. Since each MD step is about 10 À15 seconds, using the strain parameter " $ 10 À6 the typical strain rate used in this work is about 10 9 per second or 10 À3 ps À1 . In the tensile simulation, we used a cylindrical sample ( Fig. 1(a) ) which was cut from a rectangular shaped sample and relaxed. The periodic boundary condition was applied to the loading direction only. For the shear deformation, we used a rectangular shaped sample. We applied the periodic boundary conditions in the shear plane and non-periodic conditions perpendicular to the shear plane ( Fig. 1(b) ). At each shear strain, we kept the top and bottom of the sample fixed at the displaced positions through two rigid layers of atoms. The rigid boundary layers are 1.0 nm in thickness, larger than the cut-off distances of the interatomic potentials. The system temperature is fixed at 300 K using Nose-Hoover thermostat, and pressure is kept at zero.
Free volume rendering
According to Turnbull and Cohen, 6) certain open space or volume in glass-forming liquids exist around each atom. When this volume reaches a critical value, less energy is needed to move the atoms in and out of it, making possible diffusion and flow. Such a space is called ''free volume''. For theoretical consideration, we can treat the volume of an open space around an atom as the Voronoi volume less the volume of the atom. The Voronoi tessellation method allows locating the open space around the atom in the polyhedron formed by bisecting with planes the nearest neighbor bonds of the central atom.
18) The volume of the polyhedron formed by these planes is the Voronoi volume. For alloys made of atoms with different radii, the Voronoi volumes should be properly weighted according to the atomic size differences. As compared with Delaunay method that locates the interstitial space formed by a group of atoms, Voronoi volume is closest to the spirit of the Turnbull-Cohen free volume, as each atom claims its share of the available surrounding space with all of its nearest neighbors. We can thus define the excess volume for the open space as v 
Results
In the following sections we shall present the results from the atomistic simulations with an emphasis on the free volume change induced by mechanical deformation. Two cases will be shown. One involves an inhomogeneous deformation or shear band formation during shear; and another is a homogeneous deformation during tension.
Stress-strain relations
The stress-strain relations obtained from the shear and the uniaxial tensile deformation simulations are given in Fig. 2  and 3 . At 300 K and the given strain rate, the peak stresses and the corresponding peak strains are about 0.8 GPa and 15% in the shear deformation, and 2.4 GPa and 9% in tension test respectively. The shear stress is approximately one-half of the maximum compressive stress measured from the compression test.
6) It is worth to point out that noticeable deviations from the linear elasticity occur around 2% strain in both the shear and tensile tests ( Fig. 2 and 3) ; and the plastic deformations already start before the peak stresses are reached. At the maximum stresses, necking is developed in the tension simulation and a fully developed shear band forms in the shear simulation.
The peak stresses are clearly dependent of both temperature and strain rate. In general, the increase in temperature would result in decrease in stress (Fig. 2) and the increase in (a) (b) Fig. 1 The geometries of the samples used in the MD simulations of (a) tension, and (b) shear deformation. Two rigid boundary layers parallel to the shear plane are marked in gray in (b).
Free Volume Evolution in Metallic Glasses Subjected to Mechanical Deformationstrain rate would lead to increase in stress (Fig. 3) . While the temperature dependency of the yield stress has been observed widely in various experiments, reports on the strain rate dependency are still relatively scarce. [19] [20] [21] [22] [23] In an earlier publication, we argued that the pre-existing surface imperfections may play a critical role in masking the strain rate effects. 24) In the shear deformation simulation, a fully developed shear band was observed after the system is sheared past the maximum strain. The cause for the localization of the deformation in the central region may be related to the perturbation by the elastic waves reflected from the two rigid boundary layers. Other perturbations such as in loading and temperature could also produce the similar results. As shown in Fig. 4 , the shear strains inside the shear band region are substantially larger than those in the rest of the sample. The band was initiated from a thin layer of atoms of about 2-3 atomic diameters and gradually evolves into a wider band of about 10 nanometers at the large strains. The width of the mature band stays nearly stationary as the shear deformation increases. Since the periodic boundary conditions are used in the shear plane, the shear deformation would continue without causing the sample to fracture, which is certainly the result from the boundary conditions.
In the uniaxial tension simulation, the deformation appears to be homogeneous. When pulled along the central axis, the cylinder undergoes uniform elongation. When the peak stress is approached, necking starts. Careful examination reveals that the necking was initiated from the surface steps formed by slips of the localized shear regions before/at the peak stress. 25) Due to the symmetry of the sample, these localized shear zones tend to form along the maximum resolved shear planes axisymmetrically, leading to necking instead of one or a few dominant shear bands that are often observed in experimental tensile testing.
3.2 Free volume change in the inhomogeneous deformation As mentioned above, the inhomogeneous deformation observed in the shear deformation simulation is manifested as a single shear band with a significantly larger strain. To quantify the local shear deformation, we take the rotation angle of a nearest neighbor atomic bond before and after an incremental displacement of the neighboring atoms as a measure of the shear strain. (The shear strain equals approximately the angle when the displacement is small.) Since it is defined for each atom, the strain can be determined locally. Figure 4 shows the development of the shear strains inside the band. The localized deformation can be seen clearly in this representation.
In Fig. 5 , we show the Voronoi volume change v voro inside and outside of the shear band region. It is obtained by dividing the sample into a number of thin slices ($1 nm) parallel to the shear plane. v voro for each atom is calculated and averaged in each slice at each strain. We observed that the localized deformation or shear banding process is indeed accompanied by local volume change in the shear band region, starting even at low strains in the elastic regime. The critical mean volume expansion inside the shear band at the peak stress is about 2-3% with respect to the mean Voronoi volume in the undeformed sample. The change reaches about 6% in the mature or steady-state band when the overall sample strain reaches 40%. This large change, incidentally, is close to the Voronoi volume change of the undercooled liquid at the glass transition temperature T g , which is 6.23%. Note that if normalized by the entire sample volume, the volume changes inside the shear band are just less than 0.2%. This small volume value may explain the difficulties in experimental measurement of such a small change. Furthermore, we found that while the volume inside the band region increases, the volume outside shows an oscillatory or even decreasing trend. Some of the outside regions become densified slightly before the peak stress is reached.
Another important observation is that the volume expansion inside the shear band before the fully developed shear band forms does not reach that of the undercooled liquid at the glass transition (the upper dotted line in Fig. 5 ). This indicates that the formation of the shear band in the early stage may not be necessarily related to the adiabatic heating or melting as previously suggested. 2, 3) The same trend was found for the configurational energy. 15) These results suggest that melting, or undercooled liquid formation as observed in Fig. 2 The shear stress-strain relations for Cu 64 Zr 36 at the strain rate of 8:2 Â 10 9 per second. The sample is 97.60 nm in height, 49.47 nm in width and 4.07 nm in thickness, and contains 288 000 atoms. numerous experiments may have happened in the later stage of deformation when the accumulated strain becomes large.
Free volumes in the homogeneous deformation
Contrary to the inhomogeneous deformation or shear band formation, the deformation in the uniaxial tension simulation appears to be homogeneous. There is no singular shear band formation that becomes dominant in the plastic deformation.
Instead, many small, localized shear regions form axisymmetrically, some of which may be traversing the sample along, approximately, the maximum resolved shear planes. Since these local shear events happen fast and simultaneously, instead of forming a singular shear band, homogeneous elongation and final necking shows up before and after the peak stress respectively.
Unlike in the inhomogeneous shear deformation, the generation and distribution of the Turnbull-Cohen free volumes are homogeneous as shown in Fig. 6 . The relative free volume change reaches 0.4% at about 2% mean strain, slightly smaller than that predicted from elasticity using the Poisson ratio ($0:34), and 1.5% when the overall elongation reaches 10% where the necking starts to form. In addition, we observed that the free volumes are distributed randomly in the sample; and most importantly, these seemingly randomly distributed free volume regions actually develop preferred orientations along the maximum resolved shear stress. As the deformation continues, both size and amplitude of the free volume regions increase. The local shear regions form in tandem with the formation of these free volume regions. At a critical (mean) free volume, necking occurs. Note that the critical free volume in tension deformation is smaller, about one-half of that at the peak stress in the shear deformation.
Formation of voids and vein patterns
Voids in and around the shear bands have been observed to form in plastically deformed metallic glasses. 2, 3) They are considered by many as a cause for shear band formation. The origin of the cavitations is one of the many unknowns in plastic deformation of the disordered materials. One plausible mechanism is the coalescence of the microscopic-scale free volumes under continuous plastic deformation. 2, 3, 26) We investigated the formation process of voids and their relations to the free volumes. Since many factors may influence the process, our emphasis in this work is on how the sample and loading conditions affect the void formation.
The free volume as defined in this work is an atomic-scale entity distributed among the atoms involved in plastic deformation. As we observed in Fig. 4 , the largest volume expansion is seen inside the shear band in the steady state of plastic deformation. At the onset and in the steady state of shear banding, no void was found. In fact, we observed that at Fig. 2 . The color scheme reflects the change in the rotation angle of the nearest atomic bonds. Only a small section containing the shear band and its immediate vicinity is shown. A nanometer thick thin slice parallel to the z-axis is used to project the strain distribution. Free Volume Evolution in Metallic Glasses Subjected to Mechanical Deformationeven larger shear strains, as long as the sample was still under the same shear loading, the shear band would not develop any type of cavities. However, two exceptions were observed. One is when the periodic boundary conditions imposed on the shear plane were removed, that is, when the sample had two surfaces perpendicular to the shear direction. In this case, shortly after the fully developed shear band forms at the peak stress, slip steps on the sample surfaces are created by the relative displacements of the top and the bottom parts of the sample across the shear band. It was observed that atomic bonds broke and voids of nanometer scales would form in the shear band regions exposed to the two surfaces. Since the voids were introduced from the sample surfaces, we call them ''injected voids''. The second case is when a tensile deformation was superimposed on the shear deformation. Starting with an already fully-grown shear band (Fig. 4(d) ), we subjected the top and the bottom parts of the sample across the shear band to an additional tensile displacement. The simulation mimics a crack opening process commonly seen in the final stage of shear banding prior to fracture. As shown in Fig. 7 , the shear band eventually became separated; and two fracture surfaces formed. The morphology of the fracture surface includes dimples, ridges and valleys, or ''vein'' patterns that are seen universally on the fracture surfaces of almost all metallic glasses. The voids can also be identified from the surfaces as they are shown as craters. Since the voids formed homogeneously inside the sample, we call them ''homogeneously nucleated'' voids. Due to the small sample size, we could not obtain full statistics of the size, shape and spatial distribution of the voids. However, from the few samples we had tested, we estimated that the diameters of the voids range from a few nanometers to a hundred nanometers, depending clearly on the ambient temperature and the strain rate. The ''roughness'' of the surface is approximately 25-50 nanometers. As we shown earlier, the maximum free volume in the steady state (a) (b) Fig. 6 The Voronoi volume distributions in the sample subject to tensile loading at (a) 2% and (b) 10% tensile strains in the sample shown in Fig. 3 . The Voronoi volumes shown are obtained in a slice cut along the central axis; it is about 1 nm in thickness, 14 nm in width and 45 nm in height. The Voronoi volumes are normalized by the volume of the undeformed sample. Fig. 7 One of the two fracture surfaces formed after applying a tensile load at the strain rate 8:2 Â 10 À3 1/ps perpendicular to the shear plane to the sample at 40% shear strain in the sample shown in Fig. 2 . The sample contains about 850 000 atoms and is 250 Â 250 Â 250 nm 3 . The color scheme is used to enhance the surface topography.
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Q.-K. Li and M. Li shear band could reach that of the undercooled glass-forming liquid at the glass transition point. So the material inside the shear band may likely become liquid or liquid-like at the late stage of deformation prior to fracture. The surface morphologies reflect the features of the viscous liquid. However, how and at what critical tensile stress do these free volumes generated by the shear deformation begin to form voids remain to be explored.
Discussion and Summary
The simulation results presented above confirms that the volumetric change, or free volume production is indeed an integral part of the deformation process in metallic glasses as hypothesized by Spaepen and Argon. 7, 8) As pioneered by Erying 4) and later extended by Spaepen and Argon, 7, 8) the activation of the free volumes under the external stress is a driven process. The physical origin of the volumetric change comes from the breaking and reformation of the atomic bonds during the deformation process. 15) To characterize the volume change, we employed the Voronoi tessellation method in this work. As compared with other techniques, this approach is convenient to use and could effectively measure the free volumes as defined by Turnbull and Cohen.
6)
The gradual rarefaction process observed in the free volume evolution indicates that the volume change is an important factor in the mechanical response of metallic glasses subjected to mechanical deformation. Our work indicates that at different stages of the free volume evolution, the amorphous solids exhibit different mechanical properties. For the homogeneous nucleation of shear bands, the needed relative free volume change is far below the volume change at the glass transition ($6%). Therefore, the metallic glasses engaged in deformation and shear banding still remain as solid. So the viscosity argument used in the previous theories may not be applicable in this stage. 3, 7, 8) As a corollary, we could also say that the adiabatic heating may not be necessary as a mechanism for shear band formation.
As the samples accumulate more deformation strains, the free volume change could reach or even pass that of the undercooled liquid at the glass transition. The metallic glasses inside the shear bands, therefore, become viscous liquids. This explains why liquid-like morphologies such as the vein-patterns and liquid droplets are often seen in real metallic glass samples, especially after extensive deformation and fracture. 2, 3, [27] [28] [29] For metallic glasses that are intrinsically brittle with little or no accumulated strain, they would exhibit far less liquid-like fracture in surface morphologies or diminishing scales in the vein-patterns. 30) Furthermore, the homogeneous deformation as seen in the tensile simulation suggests that the shear localization may not be the only mechanism for deformation in metallic glasses at low temperatures. However, we should realize that maintaining the stringent conditions in experiments as those in the simulation is highly improbable. There are many factors that could cause the volume change in certain local areas: It could be any stress concentrators such as surface imperfections, 24) internal inclusions, atomic clusters, or even concentration or temperature fluctuations. Once a local deformation is initiated, it is likely that the weak spots will progress and eventually lead to localized deformation, or a shear band. What is unique, therefore, to metallic glasses is the high susceptibility to the local deformation once it forms. This crucial property and its connection to the free volume change are currently under investigation. 30) 
